ABSTRACT Connected cars with a multitude of frequency bands to be covered for the 4G and 5G mobile communication standards would benefit immensely from the low-profile and compact multi-band antenna designs. This paper considers the simulation, design, and measurement aspects for an innovative penta-band patch antenna that operates in the LTE-1800 uplink (1.71-1.78 GHz), LTE-1800 downlink (1.805-1.875 GHz), UMTS uplink (1.92-1.998 GHz), UMTS downlink (2.11-2.17 GHz), and LTE-2600 (2.5-2.69 GHz) frequency bands encompassing a total bandwidth of approximately 468 MHz, 261 MHz of which was covered with |S 11 | 2 < −10 dB and the remaining with |S 11 | 2 < −6 dB in the measurement. We achieved the multi-band behavior by simultaneous exploitation of the principles of horizontal stacking and corner feeding of the microstrip patch antennas. The maximum value of the measured realized gain, i.e., 5 dBi, was obtained for the LTE-2600 band, while its minimum value, i.e., −1.7 dBi, was obtained for the LTE-1800 downlink band. The measured realized gain was between 2 and 3 dBi at all other frequencies. A thickness of just 1.7 mm makes the antenna very low-profile, which, in addition to its compact dimensions (175 mm × 47 mm), makes it suitable for embedding/mounting in many promising locations around a car, such as in rooftop cavities, or in exterior plastic paneling.
I. INTRODUCTION
The number of antennas in passenger cars and the emphasis on the aesthetic appearance of the vehicles are experiencing a parallel growth. Plastic embedded/hidden antennas are therefore increasing in demand and popularity. The significant design challenges for these antennas are the electromagnetic interaction between the antenna and the car metal chassis, as well as sufficient impedance bandwidth and realized gain. An antenna like a half-wavelength dipole would be short-circuited when arranged parallel to the metal chassis, and would not radiate [1] . While patch antennas are metal surface tolerant, the impedance bandwidth obtained is poor -only roughly 2% of the resonance frequency for a substrate thickness lower than λ o /20, λ o being the free-space
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wavelength at the resonant frequency [2] . A low-profile multi-band/wideband metal surface tolerant antenna presents an attractive solution to these problems, especially considering the multitude and widths of the 4G and 5G frequency bands to be covered for connected cars. On the one hand, several frequency bands could be covered by a single antenna fed at a single feed point. On the other hand, such a multi-band antenna would occupy less space compared to individual antennas covering individual frequency bands.
While the idea of horizontally/co-planar stacked parasitic patches to enhance the patch antenna impedance bandwidth was discussed in several papers and books [3] - [9] , there were two things that could be observed: The primary patch was always probe-fed at its center, and secondly, bandwidth enhancement was localized to the region around the initial resonant frequency of the primary patch. This is depicted in case (a) in Fig. 1 . We can see that the black curve offers ≈ 2 times the bandwidth compared to green reference curve, but the bandwidth enhancement is limited to the vicinity of 1.8 GHz. Parasitic patches may be stacked horizontally along the length, as done in this example, or along the width of the primary patch, or along its length and width simultaneously -but fundamentally only the bandwidth around the center frequency is improved. On the other hand, it is known [10] - [11] that an off-center probe-fed rectangular patch exhibits dual-band behavior with two resonances corresponding to the orthogonal TM 10 and TM 01 dominant modes. The first resonance lies along the patch length, and the second along its width, wherein the length-to-width ratio may be varied to adjust the separation between the two resulting frequency bands. But the bandwidth in each of the two bands remains the same as that obtained from separate center-fed patch antennas designed to resonate at these two frequencies. This is depicted in case (b) in Fig. 1 . We may notice that as opposed to the green reference curve, the red curve offers two resonances, the additional one being at ≈ 2.6 GHz, but the bandwidth remains limited in each of the two offered bands.
If we are able to combine these two principles, we would be able to reap the benefits of both approaches, i.e., a larger bandwidth due to co-planar stacking as well as the freedom to move the frequency bands by varying the length-towidth ratio of the off-center fed patch. However, we did not encounter such an attempt in our literature research. In this paper we propose, to the best of the authors' knowledge, an innovative multi-band patch antenna design approach based upon the combination of the two aforementioned techniques. Instead of using an off-center probe feed, we fed our patch at its corner with a microstrip feed. We observed that by horizontally stacking a parasitic patch adjacent to this corner-fed rectangular patch, not only did we obtain the dual-band behavior expected for a corner-fed patch, but also an increased (nearly twice) bandwidth in each of the two bands due to the parasitically coupled patch. Furthermore, this approach could be extended to cover additional frequency bands to obtain a penta-band antenna design, wherein, as expected, one was free to scale the length-to-width ratios of the patches to tune/shift the multi-band response to cover virtually any desired set of frequencies.
These findings enabled us to design a multi-band antenna that covers the LTE-1800 uplink (UL) (1.71. . .1.78 GHz), LTE-1800 downlink (DL) (1.805. . .1.875 GHz), UMTS UL (1.92. . .1.998 GHz), UMTS DL (2.11. . .2.17 GHz), and LTE-2600 (2.5. . .2.69 GHz) bands. The structure of the antenna follows a dual-layer design -a top layer containing the patches, and a bottom ground layer, with the substrate in between. Typical 1.6 mm thick FR-4 ( r = 4.4, tanδ = 0.023) was used as the antenna substrate. The overall thickness of the antenna, including the thickness of the copper layers, was ≈ 1.7 mm. The simplicity of our antenna design makes it easy to manufacture, and its low-profile lends well to mounting in many locations such as car rooftop antenna cavities [12] - [13] , or external plastic paneling.
The remaining paper is divided as follows. Section II provides an overview of the multi-band principle through CST Microwave Studio [14] based electromagnetic full-wave simulation results. A brief discussion on the sensitivity of the antenna to design parameter variations is also presented. This is followed by an overview of the various impedance transformations considered in the antenna design. Section III compares the measured and simulated realized gain patterns and reflection coefficients of our multi-band antenna prototype. Section IV presents the conclusions and an outlook.
II. MULTI-BAND PRINCIPLE

A. DESIGN OVERVIEW AND SENSITIVITY ANALYSIS
The multi-band principle may be understood by considering the four antenna configurations and their corresponding simulated reflection coefficients sketched in Fig. 2(a) . The corner-fed rectangular patch of case 1 exhibits dual-band behavior corresponding to the chosen dimensions L1 and W1. In our case, L1 corresponded to a resonance in the LTE-1800 DL band, while W1 to a resonance in the LTE-2600 band. But the impedance bandwidth obtained was neither enough to cover the entire LTE-1800 bandwidth, nor the LTE-2600 bandwidth, the bandwidths being indicated by corresponding grey shaded areas in the power-related |S 11 | 2 diagram. We observed that by horizontally stacking a parasitic patch of slightly smaller dimensions next to patch 1 as in case 2, the bandwidth increased not only for the LTE-1800 DL resonance along L1, but also for the LTE-2600 resonance along W1, enabling us to cover the full LTE-1800 and LTE-2600 bands with |S 11 | 2 < −6 dB. If we contrast case 2 in Fig. 2 to case (a) in Fig. 1 , we see that for the same overall physical size we obtain two additional resonances centered around 2.6 GHz just by shifting the feed to a corner of patch 1. With center feeding as in case (a), another antenna with two patches would be needed to obtain these resonances. This gives us a clear idea of the size advantage gained by combining the principles of horizontal stacking and corner feeding of patch antennas. Furthermore, we could extend the length of the microstrip feed, and add a third rectangular patch as in case 3 that, with accordingly chosen L2 and W2, covered the UMTS UL and DL bands with |S 11 | 2 < −6 dB. With yet another parasitic patch as in case 4, the reflection coefficient for the WLAN, LTE-2300 etc. bands lying in between the other frequency bands could additionally be matched at a level below −10 dB. The result was an antenna wherein multiple closely located frequency bands bunched together to provide a wideband response that allowed us to cover the 1.7. . .2.69 GHz frequency range with |S 11 | 2 ≤ −6 dB. However, in addition to sufficient impedance bandwidth, efficient radiation is also needed for an antenna to be usable. As will be shown in section III, the measured total radiation efficiencies (including matching losses) were between 14. . .44% in the frequency range of interest, making these antennas viable candidates for automotive applications.
While the four-patch variant in case 4 covers the widest bandwidth, the triple-patch variant in case 3 was sufficient for our requirements, and was analyzed in greater detail. The simulated electric field distributions for case 3 are presented in Fig. 2(b) for five different frequencies. Although all three patches contribute to the radiation at each of the depicted frequencies, their contributions are not equal. We consider first the frequencies resonant in the TM 10 mode along the lengths L1, L1-L1, L2 of the three patches, i.e., 1.75 GHz, 1.85 GHz, and 1.95 GHz. At 1.75 GHz, patch 1 and 2 are the primary contributors, with almost no contribution from patch 3 as it corresponds to the relatively further apart UMTS-UL/DL frequencies. The situation is a bit different at the 1.85 GHz and 1.95 GHz frequencies corresponding to the LTE-1800 DL and UMTS UL band centers. While patch 1 and patch 2 are the main contributors at 1.85 GHz, there is a non-negligible contribution from patch 3 due to the proximity between the LTE-1800 DL and UMTS UL bands. Likewise, patch 3 is the main contributor at 1.95 GHz, but there are significant contributions from patch 1 and 2 as well for the same reason. Next considered are the frequencies resonant in the TM 01 mode along the widths W1, W1-W1, W2 of the three patches, i.e., 2.15 GHz and 2.6 GHz. Patch 3 is the primary resonator at 2.15 GHz, while patch 1 and 2 are the primary resonators at 2.6 GHz. In addition to this, and in general, there are radiation contributions from the microstrip line connecting patch 1 and patch 3 at all considered frequencies.
The dimensions of the triple-patch antenna of case 3 are provided in Fig. 3(a) . Considering that λ g = 83 mm at 1.71 GHz, the lowest frequency of operation, and λ g = 53 mm at 2.69 GHz, the highest frequency of operation, the overall physical size of the antenna 175 mm × 47 mm corresponds to an electrical size of 2.1 × 0.6 at 1.71 GHz, and 3.3 × 0.9 at 2.69 GHz. These dimensions yielded the corresponding |S 11 | 2 curve (blue, dashed) in Fig. 2(a) . Now, we can consider the influence of a few of the parameters in Fig. 3 (a) on this |S 11 | 2 curve in Fig. 2(a) . To obtain the depicted multi-band response from the antenna, a careful choice of the length L3 of the microstrip line was necessary, so that patch 1 and 3 may resonate independently without interfering with each other. For obtaining the optimal length L3, we used λ g = 83 mm corresponding to 1.71 GHz, the lowest frequency of operation in the multi-band response, as our reference. We began with L3 << λ g , and as shown in Fig. 3(b) , the multi-band behavior was extremely deteriorated due to the intense interference between the patches. On increasing L3 gradually, L3 = 34 mm (≈ λ g /2.4) was found to be a suitable value for obtaining the desired multiband response. To provide an idea about the sensitivity of the multi-band response to variations in L3, the case for a 5% increase in L3 is also presented in Fig. 3(b) . The LTE-2600 band was primarily impacted, wherein a portion of the band was shifted above −6 dB reflection coefficient.
For further insight into the sensitivity of the antenna to parameter changes, the |S 11 | 2 curves for a 5% increase in r and the dimensions L1 and W1 of patch 1 are also provided in Fig. 3(c) , (d), and (e), in that order. All remaining parameters were left unchanged as should be the case. Starting with Fig. 3(c) , we noticed that the antenna was quite sensitive to small variations of r , wherein the different resonances shifted leftwards by 32. . .55 MHz. Moving on to Fig. 3(d) , a 5% increase in L1 had a significant impact on the LTE-1800 UL frequencies that were shifted entirely out of band. This was expected because L1 corresponds directly to the LTE-1800 band. Even though the LTE-2600 band was associated with W1, changing L1 impacted the input impedance for the LTE-2600 frequencies, shifting the LTE-2600 above −6 dB. In Fig. 3(e) , a 5% increase in W1 shifted the LTE-2600 band approximately 70 MHz leftwards, as W1 was directly associated with the LTE-2600 resonance. However, unlike the change in L1 that affected both LTE-1800 as well LTE-2600 ( Fig. 3(d) ), the change in W1 did not affect the LTE-1800 frequencies. Now, the resonance at 2.32 GHz which is especially pronouncedly visible in Fig. 3 (e) will be addressed. It appeared of its own accord in the simulations; the antenna was not designed to be resonant at this frequency, and neither was any resonance at 2.32 GHz noticeable in the later presented measurements. The cause for this discrepancy turned out to be the usage of the discrete port for simulations. A discrete port is simply an RF source that is connected by two thin wires across the two relevant feeding points of the antenna. But the inductance associated with the thin wire may interfere with the reflection coefficient of the antenna. In our case, it tuned the antenna additionally to 2.32 GHz, where it was not supposed to be resonant. On the other hand, a face port may be considered as a parallel combination of a discrete port and several thin wire inductances [15] . As a result, a face port offers an overall lower inductance, and therefore does not influence the reflection coefficient of the antenna. On replacing the discrete port with a face port in the simulations, the additional 2.32 GHz resonance disappeared. The CST Microwave Studio representation of a discrete port and face port is also shown in Fig. 3(e) .
Through these selected parameter variations and their influence on the multi-band response, we may infer the following design experiences. For the same increase in the respective parameter value, the influence of variations of the antenna dimension was random in nature, as it could not only shift a set of frequencies leftwards/rightwards, but also improve or deteriorate the reflection coefficient at the affected frequencies. On the other hand, substrate permittivity variations affected and shifted the entire |S 11 | 2 curve (leftwards or rightwards, depending upon increasing or decreasing permittivity), but the individual resonances contained in the curve are not all shifted by the same amount. These considerations are important because in the real world, neither the manufactured antenna dimensions will be exact, nor the substrate permittivity. With such information at hand, looking at the measured frequency response, one could get an idea if the deviation from the simulated response was due to imprecise antenna dimensions, substrate permittivity, or a mixture of these factors, enabling one to take appropriate remedial steps.
B. IMPEDANCE TRANSFORMATIONS IN THE DESIGN
Case 1 and case 3 of Fig. 2(a) will be used to explain the various impedance transformations considered for the antenna design, and are presented again in Fig. 4 for the sake of convenience. Two general points need to be taken in consideration. First, since ours is a multi-band antenna design, exact quarter-wavelength transformations will not apply; a quarterwavelength at 1.8 GHz is electrically longer than the corresponding value at 2.6 GHz. The usage of the term quarterwavelength implies the guided quarter-wavelength in our case, as the substrate is FR-4. Although multi-section wideband quarter-wave transformers exist in literature, the amount of additional space needed on the PCB for their implementation would exceed the space available for our automotive application. Secondly, the antenna is fed at a corner along the patch edge. Along the edge of a patch, the input impedance is not 50 , but typically lies between 100 . . . 200 depending upon the aspect ratio (length-to-width ratio) of the patch [16] , a direct consequence of how the electric field distributes in the substrate between the patch and the ground.
With this in mind, consider the antenna in case 1 in Fig. 4 . As shown earlier, case 1 was resonant at 1.8 GHz and 2.6 GHz. We found through simulations that the appropriate input impedance at the indicated corner of patch 1 was approximately 120 . In other words, a 120 source would be needed to excite the resonances at 1.8 GHz and 2.6 GHz, if patch 1 were to be fed directly at the indicated corner. But as we use 50 sources to feed antennas, a transformation from 50 to 120 was necessary. From the standard quarter-wave transformation formula it was ascertained that a 75 characteristic impedance microstrip line would provide the desired transformation. For Z o = 75 , the microstrip line needed to be 1.4 mm in width, in accordance with our substrate parameters. A quarter-wavelength λ g /4 measures at 1.8 GHz ≈ 19.8 mm, while at 2.6 GHz ≈ 13.7 mm, so a line length between 13.7 mm and 19.8 mm was needed; much lower than 13.7 mm would be especially worse for 1.8 GHz, while much larger than 19.8 mm would be critical for 2.6 GHz in the first degree. We saw that a line length of 15 mm was already good enough to excite both resonances, as clear from the corresponding reflection coefficient in Fig. 2(a) .
Consider now case 3 in Fig. 4 . Patch 3 is responsible for the 1900 MHz UMTS UL band and the 2100 MHz UMTS DL band resonances. Following the same approach as with patch 1, on considering patch 3 alone, we found that the input impedance at its indicated corner was approximately 130 to excite the considered resonances. As shown in case 3, we began once again with a 1.4 mm wide 75 characteristic impedance microstrip line, and branched it out towards patch 1 and patch 3 without changing its width. As a result, the microstrip line connecting the patches 1 and 3 acquired a characteristic impedance of 150 . The reflection coefficient from 150 to either 120 or 130 is already less than −19 dB. So what we wanted to determine here was a suitable separation between patch 1 and patch 3 so as to provide sufficient decoupling between their corresponding resonances. As shown earlier, 34 mm was a good choice for this separation.
Finally, we excited case 3 with a 50 source. The multiband argument against a quarter-wave transformation from 50 to the 75 microstrip line applies once more, and it was also not absolutely necessary, given that the reflection from 50 to 75 is low enough at −14 dB. However, although the best reflection coefficient at the port is theoretically −14 dB, the reflection coefficient curve for case 3 (and case 4) in Fig. 2(a) shows values below −14 dB as well. The major reasons that lead to a better than expected reflection coefficient are the conductive losses associated with the copper patches, and the dielectric losses associated with the FR-4 substrate. It could be argued that finer adjustments of the lengths and widths of the lines may have produced somewhat better results. But since our requirement of |S 11 | 2 < −6 dB in the frequency range of interest was already met in the simulations, we wanted to first verify through measurements if our principle worked in reality, before spending a lot of additional time on finer optimizations in the simulation domain.
III. TRIPLE-PATCH ANTENNA SIMULATION VS. MEASUREMENT
In relation to the discussion in section II A, we found that the entire reflection coefficient curve of our first manufactured antenna prototype was shifted rightwards by approx. 40. . .50 MHz. The situation was similar to Fig. 3(c) , except for the difference in the direction of the shift. This meant that the actual substrate permittivity was slightly lower than the value of 4.4 specified in the datasheet. Besides this shift, other major effects like the ones in Fig. 3(b) , (d), and (e) were not pronounced, implying that the antenna dimensions were sufficiently accurate. An optical profilometer with a measurement uncertainty under 1 micrometer was used to measure the antenna dimensions and they were found to be off by only about 60. . .70 micrometers. This variation was extremely small compared to the ones studied in Fig. 3(b), (d) and (e), as a result its overall impact on the reflection coefficient was not significant. In short, this meant that we needed to re-design our antenna considering a slightly smaller value of permittivity, and after a couple of trials we obtained a prototype that gave us results comparable to the simulations.
The final antenna prototype is presented in Fig. 5(a) , with a snapshot of the measurement setup in Fig. 5(b) . The measurement was carried out in a typical shielded anechoic chamber with ± 1 dB measurement uncertainty in the frequency range of interest. The antenna was pasted on a light-weight, but sturdy cardboard screwed to a plastic slab. The plastic slab was bolted to the rotating metallic positioner, covered with absorbing material to avoid unwanted reflection artefacts in the measured radiation patterns. The simulated (both with discrete port and face port) and measured reflection coefficients are compared in Fig. 5(c) . We see that the reflection coefficient curve obtained using the face port contains no resonance at 2.32 GHz -just like the measurement. Of the total 468 MHz bandwidth required by the various considered mobile communication bands, approx. 261 MHz could be covered with |S 11 | 2 < −10 dB, and the remaining with |S 11 | 2 ≤ −6 dB in the measurement. The antenna partial realized gains, G v , in the vertical polarization, and, G h , in the horizontal polarization were measured. Figures 5(d) . . .(h) compare the normalized simulated and measured horizontal and vertical cuts of the combined realized gain, G = G v + G h , near the center frequencies of each considered band. We will refer to combined realized gain as realized gain for the sake of simplicity. The qualitative agreement at 1.75 GHz, 2.15 GHz, and 2.6 GHz was quite good. The major differences between the simulations and measurements at these frequencies were in the horizontal cuts in the range θ = 120 • . . . 220 • indicated by the grey shaded areas. The measured gain in this angular range was lower than the simulated gain at these frequencies due to the positioner shadowing the measurement path between the triple-patch antenna and the source antenna. The influence of the positioner was visible at 1.85 GHz and 1.95 GHz as well, however there were also other differences between the simulated and measured patterns at these frequencies. At 1.85 GHz, the back-side radiation of the measured vertical radiation pattern was stronger in intensity, for example by a factor of ≈ 12 dB at φ ≈ 230 • , as compared to the simulation. While at 1.95 GHz, the simulated and measured vertical radiation patterns were in good agreement, the measured horizontal pattern was stronger in intensity, for example by a factor of ≈ 6 dB at θ ≈ 30 • , in the range θ = 330 • . . . 60 • , moving anti-clockwise along the indicated arrow. As the measured antenna is not and cannot be an exact replica of the simulated antenna, along with the fact the simulation environment comprised only the antenna, a perfect correspondence between the simulated and measured results is not reasonable to expect over the entire frequency range. The peak values of simulated and measured directivity and realized gain, as well as the total efficiencies (including matching losses) are provided in Table 1 . The maximum realized gain, 4.8 dBi, was measured at 2.6 GHz, while its minimum value, −1.7, dBi was obtained at 1.85 GHz. At the other frequencies, it was between 2. . .3 dBi.
However, the realized gain, being the sum of the partial realized gains in horizontal and vertical polarizations, loses information about the antenna polarization at the different frequencies of interest. Therefore, the measured peak partial realized gains, G v in vertical polarization and G h in horizontal polarization, are also presented in Table I . We can see that at the TM 10 mode resonance frequencies 1.75 GHz, 1.85 GHz, and 1.95 GHz, most of the radiated power is contained in the horizontal polarization, while at the TM 01 mode 2.15 GHz and 2.6 GHz resonances, the power is concentrated in the vertical polarization, even though the realized gain patterns in Fig. 5 appear to follow a similar trend over the considered frequency range.
IV. CONCLUSIONS AND OUTLOOK
We demonstrated and verified through measurements an innovative, simple to design, cheap and easy to manufacture triple-patch penta-band antenna covering five mobile communication bands corresponding to LTE-1800 UL and DL, LTE-2600, and UMTS-1900/2100. We showed that by appropriately combining the principles of corner feeding and co-planar stacking, a wide bandwidth can be achieved. While the presented design covers 3G and 4G frequencies, the same ideas may be used to design multi-band antennas covering the 5G frequencies, for example from 3.3. . .3.8 GHz.
Owing to its compactness and low-profile, the antenna will be widely applicable in the world of connected cars where such antennas are growing in demand, and usable for many other applications that require wideband antennas. For the future, we would like to extend our work like the following. Firstly, we would like to add the 5.9 GHz LTE-V band to our antenna design, as V2X is the future. Secondly, we added parasitic patches only along the length of our antenna designs to maintain compactness, as for now we want to embed the antenna in a certain plastic panel of the car which has such geometrical restrictions. We speculate that further bandwidth enhancement may be possible if additional parasitic patches are also added along the width of the antennas. Thirdly, after the antenna is embedded in the plastic panel, we would like to measure its performance after mounting on the car. From our past experiences with automotive antenna measurements, we speculate that the following effects will take place. The plastic embedding will de-tune the antenna, and depending upon the amount of de-tuning, appropriate antenna optimization will be required. Furthermore, the antenna efficiency will be reduced due to the additional dielectric and conduction losses contributed by the car. Due to the large electrical size of the car in relation to the considered frequencies of operation, travelling waves will propagate on the car body, which in turn will introduce 'ripples' in the radiation patterns.
